Plasmonic Subwavelength Waveguides: Next to Zero Losses at Sharp Bends by Pile, David & Gramotnev, Dmitri
1 
NEW PLASMONIC SUB-WAVELENGTH WAVEGUIDES: NEXT TO ZERO 
LOSSES AT SHARP BENDS 
D. F. P. Pile,  D. K. Gramotnev 
Applied Optics Program, School of Physical and Chemical Sciences, Queensland 
University of Technology, GPO Box 2434, Brisbane, QLD 4001, Australia. 
 
Abstract 
 We demonstrate that ≈ 100% transmission of a strongly localized channel 
plasmon-polariton can be achieved through a sharp 90o bend in a sub-wavelength 
waveguide in the form of a triangular groove on a metal surface – the feature that has 
previously been demonstrated only for photonic crystal waveguides which do not 
provide sub-wavelength localization. Conditions for minimum reflection and radiative 
losses at the bend are investigated numerically using the finite-difference time-domain 
algorithm. Dissipation in the structure is demonstrated to be sufficiently low to ensure 
significant propagation distances (a number of wavelengths) of the localized plasmon in 
each of the arms of the bend.  
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A major problem of modern photonics is insufficient localization of 
electromagnetic waves, resulting in low levels of integration and miniaturization of 
optical devices. Therefore, successful replacement of electronic components by their 
much faster optical counterparts is hardly possible without the development of sub-
wavelength waveguides and interconnectors [1-3]. Sub-wavelength localization has 
recently been achieved in metallic nano-strips [4-7], nano-rods [2,8], nano-chains 
[1,3,9,10], metal gaps [11], etc. However, still existing problems include excessive 
dissipation [1,3,4,7], expected significant losses at sharp bends (demonstrated for chains 
of rods in the micro-wave region [10]), etc. Therefore, a new type of localized plasmon 
– channel plasmon-polaritons (CPPs) – has recently been analyzed in metallic grooves 
[12-14]. CPPs in V-grooves have demonstrated superior features from the view-point of 
sub-wavelength guiding, including a unique combination of strong localization and 
relatively low dissipation in the multi-mode [13] and single-mode [14] regimes.  
The aim of this letter is to demonstrate that such groove sub-wavelength 
waveguides possess another unique feature that has previously been achieved only in 
photonic crystal waveguides (that do not provide sub-wavelength localization) – nearly 
100% transmission of light through sharp 90o bends.  
The analyzed structures are presented in Fig. 1. Two V-shaped grooves on silver 
surface form a sharp 90o bend (Fig. 1). Figs. 1a,b show the structure with a defect in the 
form of a wedge metal pillar in the corner of the bend.  
The analysis is carried out by means of the finite-difference time-domain 
algorithm that was previously used in [13,14] for the investigation of CPP in straight V-
grooves. CPPs in the first arm of the bend are induced by means of the end-fire 
excitation, i.e. by considering a beam incident onto the end of the groove from the left 
(Fig. 2). The depth of the grooves within the computational window was 2.1 µm, which 
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is significantly larger than the penetration depth of CPP up the sides of the groove (~ 
170 nm [13,14]).  
 
Fig. 1. The structure with a V-groove sub-wavelength waveguide with a sharp 90o bend on a metal 
substrate: (a) three-dimensional view, (b,c) top views. (a,b) The structure with a wedge pillar defect in the 
corner of the bend, (c) the bend without the pillar defect. 
Fig. 2 shows the typical distribution of the magnitude of the electric field in CPP 
in the structure with the pillar defect (Figs. 1a,b) at the distance of 60 nm above the tip 
of the grooves. Insignificant decrease of the field in the middle of the second arm of the 
bend (Fig. 2) is mainly caused by beats resulting from interference of two different CPP 
modes generated in the considered structure by means of the end-fire excitation [13,14]. 
Dissipation has only limited contribution to this decrease, due to significant propagation 
distances for the CPP [13,14]. For example, the propagation distance of the fundamental 
CPP mode in the straight groove with the same parameters as for Fig. 2 is ~ 10 µm [14]. 
Reflection from end of the second groove (edge of the computational window) is 
insignificant due to use of absorbing boundary conditions [16].  
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Fig. 2. The top view of the field distribution (magnitude of the electric field) in CPPs at the distance of 60 
nm from the tip of the V-groove with the 90o bend in silver. The structural parameters are as follows: the 
angle of both the grooves θ = 30o, λ(vacuum) = 0.6328 µm, the permittivity of silver εm = – 16.22 + 0.52i 
[15]. 
In order to obtain quantitative estimates for the transmissivity T of CPPs through 
the sharp bend, consider the two structures – one with the sharp bend (Fig. 1a,b), and 
the other with the same straight groove. We average the amplitude of the field in the 
second arm of the bend (Fig. 2) over 5 wavelengths of the fundamental mode 
(approximately one period of the beat pattern), and in the straight groove at the same 
distance (along the groove) from the point of the end-fire excitation. The ratio of the 
resultant average amplitude of CPP in the second arm of the bend to that in the straight 
groove is taken as the amplitude transmissivity T through the bend.  
As a result, in the considered structure with the 90o bend T ≈ 0.97 with the 
numerical errors ~ 5%. Thus, practically 100% transmission through a sharp bend can 
be achieved in a sub-wavelength waveguide using CPP in V-grooves with the pillar 
defect in the bend (Fig. 1a,b). Remarkably, if we remove the pillar defect (Fig. 1c), then 
T ≈ 0.86, i.e., significantly smaller. Simultaneously, noticeable reflection from the bend 
back into the first arm is also observed in the form of significant perturbations of the 
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field in the incident wave. Therefore, the pillar defect is essential for achieving ~ 100% 
transmission of CPP through a sharp 90o bend.  
Note that due to the stair-case approximation with the 20 nm cubic grid cells, the 
actual position of the pillar is uncertain to within ~ 10 nm. Nevertheless, the analysis 
with smaller grid cells has suggested that the maximal transmission through the bend is 
very likely to be achieved when the corner of the pillar is in the middle of the grooves, 
i.e., at x = 0, y = 0 (Fig. 1b).  
If we change the size of the pillar defect by shifting its corner from the considered 
position in the middle of the grooves, then T changes significantly. For example, 
shifting the corner of the pillar defect along the L-axis, so that the size of the defect is 
increased, results in a rapid reduction of T to about zero (Fig. 3a). In this case, a 
substantial increase in reflectivity occurs from the bend back into the first arm. Shifting 
the corner of the pillar in the opposite direction (along the negative L-direction – see the 
insertion in Fig. 3a), eventually results in removal of the pillar from the bend (Fig. 1c), 
and T ≈ 0.86 (Fig. 3a). The same situation occurs if the pillar corner is shifted in the 
negative y-direction or positive x-direction. This also results in decreasing the pillar 
defect, its eventual removal from the bend, and T ≈ 0.86 (Figs. 3b).  
If the pillar is extended into the first or the second arms of the bend (Figs. 3c,d), 
then the transmissivity experiences oscillations with the period of ~ 200 nm (Fig. 3b). 
That is, other maxima of T ≈ 1 are obtained when the pillar is extended into one of the 
arms of the bend by ∆l ≈ 200 nm. In this case, the groove with the angle θ1 = 15o and ≈ 
200 nm length is formed. The wavelength of the fundamental CPP mode in this groove 
λ15 ≈ 400 nm [13], i.e., ∆l ≈ λ15/2. This suggests that nearly 100% transmissivity 
through the bend is related to destructive interference of CPPs reflected back into the 
first arm from the different sides of the pillar defect. Indeed, if such a destructive 
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interference (and T ≈ 1) occurs when the corner of the pillar defect is in the middle of 
the bend (at x = 0 and y = 0), then extension of the pillar into one of the arms by ∆l ≈ 
λ15/2 should result in additional phase shift of 2π between the reflected CPPs, and we 
must again have a maximum of T ≈ 1 (Fig. 3b). The minimums of T at ∆l ≈ λ15/4 ≈ 100 
nm (Fig. 3b) correspond to constructive interference of the reflected CPPs. Here, we 
considered only reflection and interference of the fundamental mode, since the 
amplitude of the second CPP mode has significantly smaller amplitude and has little 
effect on T.  
 
Fig. 3. (a) The dependencies of the amplitude transmissivity T through the bend as a function of position 
of the corner of the pillar on the L-axis. For example, the insertion in (a) shows the shifted pillar defect 
along the negative L-direction, i.e., the pillar is reduced in size. The point L = 0 corresponds to x = 0, y = 
0.  (b) The dotted curve gives the dependence of T on extension of the pillar into the first arm of the bend 
(Fig. 3c), i.e., on x-coordinate of the pillar corner at y = 0. The solid curve gives the dependence of T on 
extension of the pillar into the second arm of the bend (Fig. 3d), i.e., on y-coordinate of the pillar corner 
at x = 0. The dashed lines in both the plots give T in the absence of the pillar defect (Fig. 1c). 
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Fig. 4 presents the distribution of the electric field along the grooves forming the 
bend. In particular, no significant losses in the form of scattered bulk electromagnetic 
waves can be seen near the bend Fig. 4 (which is confirmed by nearly 100% 
transmission in Fig. 3). At the same time, a significant part of the overall radiative 
losses at the bend occurs in the form of a wave propagating along the triangular tip of 
the pillar upwards from the bottom of the groove (Fig. 4). This wave appears to be 
strongly localized near the tip with the typical penetration depth in vacuum of ~ 60 nm 
(Fig. 4), and ~ 200 nm along the sides of the metal pillar. This suggests that a metallic 
wedge is another type of structure that might work as a sub-wavelength waveguide, 
which provides an interesting opportunity of tapping into the CPP in the groove (Fig. 4). 
Such tapping effect may result in development of three-dimensional photonic circuits 
and sub-wavelength junctions. The ratio of the amplitudes of the wedge plasmon to that 
of CPP is ~ 0.2. It is interesting that the considered tapping effect appears to be 
strongest when the corner of the pillar defect is in the middle of the grooves (Fig. 1a,b).  
 
Fig. 4. The distribution of the magnitude of the electric field in the middle of the grooves along the 
direction of propagation of CPP for the structure with the corner of the pillar defect in the middle of the 
bend (at x = 0, y = 0) – Fig. 1a,b. That is, the left half of the field distribution is in the (x,z) plane 
(incident CPP) up to the corner of the pillar defect, and the right half of the distribution is in the (y,z) 
plane (transmitted CPP) from the corner of the pillar defect. Between these two parts of the distribution is 
the corner of the pillar defect with the strongly localized wedge plasmon resulting in energy tapping from 
the bend. Weak decrease of the field in the second arm of the bend is mainly due to interference of two 
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different CPP modes generated in the groove by means of the end-fire excitation [13]. Note that the weak 
periodic field pattern at noticeable distances from the tip of the groove, especially in the first arm of the 
bend is the residual effect of the end-fire excitation, rather than a leakage from CPP. 
Thus, the unique possibility of nearly 100% transmission of CPPs through a sharp 
90o bend in a V-groove on a metal surface, together with relatively low dissipation and 
strong lateral localization, will be important for the development of photonic devices 
and interconnectors with the levels of miniaturization and integration that are far beyond 
those allowed by the diffraction limit of light and dielectric waveguides.  
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